Background. The slit diaphragm (SD) is a complex of podocyte-specific proteins and plays a significant role in glomerular filtration. To understand podocyte biology, it is important to determine the expression amount of the SD complex proteins. This study aimed to quantify the absolute amount of nephrin, which is believed to be a major component of SD, in podocytes and to apply that method to normal and puromycin aminonucleoside (PAN) nephrosis rats. Methods. The counting method for podocyte number in a glomerulus was developed by three-dimensional reconstruction imaging of Wilms tumor (WT-1) immunofluorescence on isolated glomeruli. Absolute amount of nephrin was quantified by mass spectrometry using the selected reaction monitoring (SRM) mode with a stable isotopelabeled peptide. Results. The number of podocytes per glomerulus was 95.5 6 17.6 in the control rats, 90.7 6 19.2 on Day 4 and 90.7 6 26.2 on Day 7 in PAN nephrosis rats. The amount of nephrin per glomerulus in control rats was 1.02 6 0.11 fmol and those in PAN nephrosis rats were reduced to 0.46 6 0.06 fmol and 0.35 6 0.04 fmol on Day 4 and Day 7. The nephrin amount per podocyte was significantly decreased association with the development of proteinuria in PAN nephrosis rats. Conclusions. This study established the absolute quantification of nephrin and determined the amount of nephrin in a podocyte of normal and PAN nephrosis rat kidneys. This highly sensitive and selective quantification method for protein is a useful tool for the analysis of SD protein in a podocyte.
Introduction
The slit diaphragm (SD) of renal glomeruli is a major focus in proteinuria research [1] . SD is a structure formed by many podocyte-specific proteins, of which the expression profile might be changed in the pathological condition [2] [3] [4] . Therefore, absolute quantification of each protein is necessary for stoichiometric analysis of the SD complex in podocytes.
Nephrin is believed to be a major component of SD [2] . The expression level of nephrin in glomeruli has been evaluated by western blotting and immunohistochemistry using specific antibodies [5, 6] . These methods are limited in comparison to the expression level of nephrin among samples as signal intensities or distributions, but do not refer to absolute amounts of those in each sample.
Proteome analysis of human glomeruli with mass spectrometry has identified >3000 glomerular proteins, including nephrin [7, 8] . This comprehensive study suggests that mass spectrometry is a useful tool for SD complex research. Several quantitative proteomics approaches have been established [9, 10] . Selected reaction monitoring (SRM) analysis should be suitable for quantification of SD complex proteins including nephrin, however, no one has succeeded in developing a quantitative method for SD complex proteins using SRM analysis.
An accurate number of podocytes in an analytical sample is required for quantification of the SD complex proteins in the podocyte because the number of podocytes decreases under proteinuric conditions [11, 12] . Several methods for counting the podocyte number have been developed using thin kidney sections [13] . While analyzing the sections, the podocyte number might be overestimated because podocytes have a large and polymorphic nucleus that may appear across multiple sections [14, 15] . Hence, a more accurate method for counting podocyte nuclei using a whole glomerulus is required to determine the podocyte number in a glomerulus.
Here, we describe a novel quantification strategy for nephrin in a podocyte using a quantification method for the amount of nephrin expression in glomeruli using SRM analysis and an accurate method for counting the podocyte number by three-dimensional (3D) reconstruction of glomeruli. We have applied it to normal and puromycin aminonucleoside (PAN) nephrosis rats and have determined the absolute expression amount of nephrin in a podocyte of these rats.
Materials and methods

Animals
Male F344 rats at 11 weeks of age were purchased from Japan SLC (Hamamatsu, Japan). Normal rats and a PAN nephrosis model were used in the present study. PAN nephrosis was induced in rats by a single intravenous injection of PAN (Sigma, Saint Louis, MO) at a dose of 8 mg/100 g body weight in saline (Ohtsuka, Tokyo, Japan). Control animals received an identical volume of saline. Nephrotic rats (n ¼ 6 per group) were studied at Days 4 and 7 after the PAN injection. The procedures for the experiment were approved by the Animal Committee at Azabu University, and all animals were treated in accordance with the guidelines for Animal Experimentation of Azabu University.
Urine analyses
Twenty-four hour urine samples were collected before injection and at 4 and 7 days after the PAN injection. Urine albumin concentration was determined with a Protein Assay kit (BioRad) using bovine serum albumin as a standard.
Isolation of glomeruli
Rats were anesthetized by intraperitoneal injection of pentobarbital. After perfusion of kidneys with phosphate-buffered saline (PBS), both kidneys were quickly removed. The cortex was dissociated and placed in ice-cold PBS. Glomeruli were isolated from cortexes pooled from rats of the same group by a conventional sieving method described previously [16] . Briefly, the cortexes were cut into small pieces and pressed through 250-and 150-lm stainless meshes then thoroughly washed with PBS on a 75-lm stainless mesh. Glomeruli trapped on a 75-lm mesh were collected into a protein low-binding tube (SUMILON Proteosave; Sumitomo Bakelite, Tokyo, Japan). A part of isolated glomeruli was used immediately for immunostaining for the Wilms tumor (WT-1) gene. The remaining samples were stored at À80°C until required for analysis by western blotting and mass spectrometry.
Quantification of podocyte number in a glomerulus
For measuring the podocyte number, WT-1 was used as a specific marker of mature podocytes in glomeruli, and positive nuclei were counted in isolated glomeruli. Freshly isolated glomeruli from six kidneys of three rats were pooled and fixed in 10% phosphate-buffered formalin for 30 min, washed five times with PBS and precipitated by centrifugation at 1000 g. For antigen retrieval, precipitates were incubated in citrate buffer (pH 6.0 at 100°C) for 20 min. After washing five times with 0.5% Triton X-100 in PBS, glomeruli were soaked in a blocking buffer (5% non-fat milk, 0.5% Triton X-100 in PBS) for 1 h and were incubated with murine monoclonal antibody against WT-1 (clone 6F-H2; DAKO, Tokyo, Japan) at 4°C for 16 h. The blocking buffer was used as the negative control for the primary antibody. After washing with 0.5% Triton X-100 in PBS, glomeruli were incubated in Alexa Fluor 488-conjugated goat anti-mouse IgG (Invitrogen, Tokyo, Japan) at room temperature for 30 min. Glomeruli were then washed five times with 0.5% Triton X-100 in PBS and then transferred onto a glass slide and mounted using a medium (VECTASHIELD; Vector Laboratories, Burlingame, CA). The glass slide was covered by a coverslip and stored at 4°C until observation. Immunofluorescence was observed using a laser scanning confocal microscope (Leica, Wetzlar, Germany). A scanning series of optical sections with 1.0-lm steps were obtained with a 403 objective lens (PLANAPO; Leica). The stack of 13-23 slices per glomerulus was acquired as a depth image. The brightness of each stack was balanced; the obtained stacks were then deconvolved as 3D images using ImageJ software (National Institutes of Health). WT-1-positive nuclei in each 3D image were counted, and the obtained number was assumed to be the number of podocytes in the glomerulus. In all, 50 glomeruli were measured in each group.
Immunofluorescence microscopy
The immunofluorescence technique was applied to frozen sections. After blocking with 5% non-fat milk in PBS, sections were incubated with goat anti-nephrin (Santa Cruz Biotechnology, Santa Cruz, CA) for 16 h at 4°C. After washing with PBS, sections were stained with Alexa Fluor 488 conjugated anti-goat IgG (Invitrogen). Immunofluorescence was observed using a fluorescence microscope (FSX100; Olympus, Tokyo, Japan). Normal goat serum or IgG was used as the negative control for each primary antibody.
Western blot analysis
The proteins of isolated rat glomeruli were extracted by sodium dodecyl sulfate (SDS) sample buffer. Protein samples were run on a 5-20% SDSpolyacrylamide gel electrophoresis at 40 V for 80 min and subsequently transferred to a polyvinylidene fluoride membrane (Bio-Rad). After transfer, the membrane was rinsed in 0.5% Triton X-100 in PBS, blocked with 5% non-fat dried milk in PBST and then incubated with polyclonal goat anti-nephrin (Santa Cruz Biotechnology) or normal goat serum. As a secondary antibody, peroxidase-conjugated mouse anti-goat IgG (Invitrogen) was applied; the signal was detected through ECL Plus (GE Healthcare, Tokyo, Japan).
Sample preparation for quantification of nephrin with a mass spectrometer
Isolated glomeruli were spread in the mass spectrometer (MS) tube, counted and their number adjusted (200-300 glomeruli in each tube). Glomeruli were dissolved in 100 mM Tris-HCl (pH 8.5) buffer containing 7 M guanidine hydrochloride and 10 mM EDTA and the proteins were S-carbamoylmethylated as described [17] . The alkylated samples were precipitated with a mixture of methanol and chloroform. The precipitates were dissolved in 6 M urea, diluted with 100 mM Tris-HCl (pH 8.0) and digested with TPCK-treated trypsin (Promega, Madison, WI) at an enzyme:substrate ratio of 1:100 at 37°C for 16 h. The glomerular digests were used throughout SRM quantification.
Mass spectrometry
Glomeruli digests were analyzed using a nano-LC pump from AMR (Tokyo, Japan), which was connected to a triple quadrupole MS (TSQ Vantage, Thermo Scientific) operated in the nano-electrospray mode. Highperformance liquid chromatography separation was performed on an ESIcolumn (C18 100 lm 3 50 mm; Nikkyo Technos, Tokyo, Japan) using a gradient starting at 5% B to 45% B in 45 min, at a flow rate of 500 nL/min. The gradient was generated by mixing water containing 0.1% formic acid (A) and acetonitrile containing 0.1% formic acid (B).
For ionization, a 1500 V spray voltage and 250°C capillary temperature were used. The selectivity for both Q1 and Q3 was set to 0.7 Da (FMHM). The collision gas pressure of Q2 was set at 1.0 m Torr argon. The collision energy was calculated using the formula CE ¼ 0.034x 1 3.314 m/z of precursor ion 12.
The MS was operated in SRM mode for peptide quantification with one cycle time for 60 transitions. Peptide detection with a specific m/z transition consisted of a specific precursor peptide ion m/z in Q1 and that of the product peptide ion in Q3.
Additional instrument parameters used for the SRM-triggered MS/MS experiments was described previously [18] .
Statistical analysis
The statistically significant difference among means of three groups was determined by one-way analysis of variance; an unpaired, two-tailed Student's t-test was used to determine significant differences between the two groups.
Results
Urinary protein in PAN nephrosis
Measurement of 24-h urinary protein levels revealed that a single intravenous injection of PAN induced mild proteinuria at Day 4 (65.2 AE 41.6 mg/day, n ¼ 3). At Day 7, massive proteinuria was observed (319 AE 76 mg/day, n ¼ 3) in comparison with control rats.
Absolute quantification of nephrin in a podocyte
Podocyte number in a glomerulus of normal and PAN nephrosis rats
The number of WT-1-positive nuclei in isolated glomeruli of normal and PAN nephrosis rats was counted as the podocyte number in the reconstructed 3D figure from the immunofluorescence image observed by a confocal laser microscope. In normal glomeruli, the number of podocytes per glomerulus was 95.5 AE 17.6 ( Figure 2) . Interestingly, the podocyte number in PAN nephrosis rats did not differ significantly from that in normal rats; the podocyte number per glomerulus was 90.7 AE 19.2 (n ¼ 50, P > 0.1) at Day 4 and 90.7 AE 26.2 (n ¼ 50, P > 0.1) at Day 7 ( Figure 1 ).
Development of quantitative analysis for nephrin by mass spectrometry
The tryptic peptide GGNPPATLQWLK derived from rat nephrin was selected from an experimental data set of a shotgun analysis for tryptic digests of rat-isolated glomeruli. Because multiple peptides of nephrin were detected in the shotgun data set (data not shown), the target peptide was selected according to the following rules: (i) the target peptide sequence was unique for the rat nephrin, (ii) the peptide did not contain chemically reactive residues (cysteine and methionine) and (iii) the peptide did not contain post-translational modifications or continuous sequences of K or R.
To verify the selection of targeted peptide derived from nephrin, SRM-triggered MS/MS acquisition was performed in tryptic digests of rat isolated glomeruli. The identity confirmation of targeted peptide relies on this composite MS/MS spectra displayed, and the consistency of the SRM fragmentation patterns is illustrated in Figure 2A .
The stable isotope-labeled form of target peptide (GGNPPATLQWL*K, with the asterisk indicating the 13C-and 15N-isotopic-labeled amino acid) was synthesized. One hundred femtomoles of labeled peptide was spiked as the internal reference into tryptic peptide samples derived from 50 glomeruli of control or PAN nephrosis rats. The quantitative value was calculated by the ratio of peak area between the endogenous and the isotope-labeled peptides.
To detect the target peptide by mass spectrometry, we set eight transitions for doubly charged precursor ions and y series of product ions (y3 to y10, Table 1 ). In analysis of control glomeruli, peaks of the transition for y4, y5, y7 and y8 ions derived from both endogenous and isotope-labeled peptide were detected at a same retention time of 26.7 min ( Figure 2B) .
The peaks from the other four transitions contained multiple noise (data not shown); quantitative values from those transitions varied from the mean value of y4, y5, y7 and y8 ions. Quantitative values calculated by eight transitions (y3 to y10) showed a coefficient of variation (CV) of 10.1%, and CV decreased to 3.7% using the transitions selected above. Therefore, we used transitions for y4, y5, y7 and y8 ions to quantify the target peptide. The amounts of nephrin were then determined as the integrated value obtained from the four transitions.
Validation of SRM protein quantification
To evaluate the limit of quantification and dynamic range in the glomerular sample, dilution series of synthetic stable isotope-labeled peptides were spiked into 50 control glomeruli as a matrix. Ten femtomoles of isotope-labeled peptide could be detected in the glomerular sample (Figure 3) . Also, the method we developed showed linearity (0.999 of correlation coefficient) between 10 and 200 fmol (Figure 3) .
Amount of nephrin protein in glomeruli of control and PAN nephrosis rats
Our method revealed the amount of nephrin in glomeruli of normal and PAN nephrosis rats. The copy number per podocyte was calculated by the quantitative value in glomeruli and the number of podocytes per glomerulus. Quantitative values ranged from 17.3 AE 2.1 to 51.0 AE 5.6 fmol per assay and were within the range of linearity. The amount of nephrin in normal glomeruli was 1.02 fmol (61 million copies) per glomerulus and that was significantly decreased on Day 4 (0.44-fold) and on Day 7 (0.34-fold) ( Table 2 ). The amount of nephrin was decreased in parallel with proteinuria, although the number of podocytes in PAN nephrosis rats was not different from that in control rats.
Reduction in the amount of nephrin was verified by immunofluorescence ( Figure 4A ) and western blot analysis ( Figure 4B ). Immunofluorescence of nephrin was observed as a linear pattern along the glomerular capillary wall in the control rats. At Day 4, the nephrin-staining pattern changed to discontinuous linear or granular along the glomerular capillary wall (Figure 4A ). At Day 7, the linear-staining pattern of nephrin disappeared completely and changed to a diffuse patchy staining. The fluorescence signal of the western blot analysis also revealed that the band intensity of nephrin decreased on Day 4 after PAN injection and reached the lowest level on Day 7. These immunoassay results were in agreement with SRM quantification.
In order to further evaluate the accuracy of this method, the tryptic peptide ILLAELEQLK derived from vimentin was selected (Supplementary table 1) . The target peptide for vimentin was also confirmed by the rules described above. 
Discussion
We have developed a novel strategy for quantitative analysis of nephrin molecules and have shown the dynamics of nephrin in a podocyte of PAN nephrosis.
Understanding the dynamics of SD complex proteins in a podocyte is a key issue for revealing the pathogenesis of proteinuria [19] . To analyze SD complex protein dynamics in a podocyte, the following two quantification methods should be established: (i) an absolute quantification method for each SD complex protein and (ii) an accurate Absolute quantification of nephrin in a podocytequantification method for the podocyte number in a glomerulus. The quantitative values obtained by these methods could result in a calculation of the protein amount expressed in a single podocyte (molecules per cell). The aims of the present study were to develop a quantification method for nephrin in a podocyte, which is believed to be a major component of the SD complex, and to evaluate the cell-based dynamics of nephrin in PAN nephrosis. An accurate method for quantification of podocyte number has not been established, although a method using histological sections of the kidney has been utilized to estimate the number of podocytes in the glomeruli as the number of WT-1-positive nuclei [20] . However, the number of podocyte nuclei might be overestimated in the previous method using consecutive serial sections of 3-4 lm because podocyte nuclei are polymorphic and as large as 8-12 lm in diameter in glomeruli and are arranged in a random orientation across the 3-to 4-lm-thick serial sections [13] .
The present study has solved this problem for accurate counting of podocytes by counting immunofluorescent signals of WT-1 in a whole glomerulus image reconstructed with optical sectioning of immunofluorescence data using a confocal laser microscope. The reconstructed image showed WT-1-positive nuclei as 3D structures in an intact glomerulus. Using our method, the podocyte number found was 90 AE 5 cells per reconstructed glomerulus in 11-week-old F344 rats. This result was lower than the result of 120 AE 8 cell per glomerulus in a previous study that used serial sections of the kidney [13] . This difference suggests the advantage of our counting method in the accuracy comparing the serial section method because our method using a whole glomerulus made it possible to enumerate the podocyte number without over-counting.
Interestingly, we did not observe a significant difference in the podocyte number per glomerulus between control and PAN nephrosis rats, although a decreasing number of podocytes had been reported in PAN nephrosis [11] . Further studies would be necessary to analyze the podocyte number at a later stage of PAN nephrosis with development of severe proteinuria.
To establish a quantification method for SD complex proteins, we developed the absolute quantification of nephrin, a major component of SD, using SRM-based targeted mass spectrometry with the stable isotope-labeled peptide as an internal reference. SRM-mediated protein quantification is based on detection of the signature peptide derived from enzymatic digestion of the target protein. Recently, SRM analysis has greatly advanced by the application of quantitative proteomics, with a wide dynamic range (attomole to femtomole). This approach has been applied to integral membrane proteins, including G protein-cuppled receptor or transporters [21, 22] , and has succeeded in constructing a quantitative atlas of those proteins in mammalian tissues.
The critical issue for the SRM method is selection of the signature peptide, which must be specific for the target protein and provides sufficient intensity for LC-MS/MS analysis [23] . In this study, the 12 mer peptide GGNPPATLQWLK of nephrin was selected from comprehensive analysis data of glomerular samples (data not shown). Ten femtomoles of selected peptide spiked into digested peptide samples of glomeruli could be detected with high sensitivity and showed linearity with a dynamic range of at least 20-fold. The quantification of a targeted peptide by SRM requires selection of specific m/z settings for the precursor and product ion. Because of the extreme complexity of biological samples, noise signals affect the peak area of transitions with similar masses [24] . It is important to validate the initial set of transitions to ensure that the quantified signals indeed derive from the targeted peptide in a given sample. In this study, the four transitions for y4, y5, y7 and y8 of the peptides, which show the best performance in signal intensity and CV, were selected for the nephrin quantification. Selection of four transitions resulted in an excellent CV of 5% during analysis of 50 glomeruli of the controls, although quantitative value calculated by eight transitions showed a CV of >10%.
The SRM method for quantification of nephrin was applied to control and PAN nephrosis rats. Fifty glomeruli were analyzed in an assay and quantitative values of each assay were within the range of linearity ( . Although no significant difference in the podocyte number was observed between control and PAN nephrosis rats, nephrin expressed in a single podocyte was significantly decreased along with the development of proteinuria. These results suggested that change in the structure of SD caused by the decrease in nephrin protein expression may initiate the development of proteinuria.
Some reports have indicated that the downregulation of nephrin in PAN nephrosis is caused by transcriptional level [25] or by post-translational level, such as ubiquitination [26] . However, quantitative studies of expression level such as ours do not allow detailed mechanistic studies of how PAN causes decrease of nephrin, nor of the pathogenetic role of this altered expression in foot process effacement and proteinuria. To clarify the mechanism and pathogenic role of altered nephrin expression, the study of post-translational modification of nephrin or dynamics of SD complex protein stoichiometry is necessary. This is the first study to determine the amount of nephrin expression in a podocyte in normal and PAN nephrosis rats by SRM analysis. The SRM method could set multiple transitions, >300 in one assay, and allows the development of the simultaneous quantitative analysis of proteins [27] . Many proteins have been identified as SD complex components and signal network molecules in the podocyte and are believed to play important roles in the glomerular filtration barrier and development of proteinuria in animals and humans [28] [29] [30] [31] [32] . An SRM-based quantitative assay should make it possible to analyze the stoichiometry of podocyte proteins, including those of the SD complex and signal network molecules under pathophysiological conditions.
Conclusion
The present study developed an absolute protein quantification method for nephrin based on mass spectrometry with SRM. We also developed a method for counting podocyte numbers in a glomerulus using 3D reconstruction images of WT-1 immunofluorescence with optical sectioning. Since this method is based on glomerular lysates, this method will only allow the estimation of the total amount of podocyte proteins that are exclusively expressed in the podocyte and not in any other glomerular cells. The established methods were applied to an analysis of PAN nephrosis rats and revealed a distinct decrease in the nephrin per podocyte in the rats with proteinuria. This approach makes it possible to evaluate the expression profile of the SD complex proteins and signal network molecules in a single podocyte under pathophysiological conditions. This stoichiometric analysis of podocyte proteins at a single-cell level should provide insights into the study of proteinuria.
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